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Abstract
One of the major issues of concrete bridges pavement design and maintenance is bonding between flexible bituminous layers and
the deck. Any bonding failure can lead to the development of local delamination areas, which are formed as a result of the 
separation of the membrane sheets (insulation) from the concrete deck. This is caused by high pressure of gases accumulated 
between the layers leading to the formation of gas-filled bubbles. This paper discusses the research carried out in order to better 
understand this process of distress between pavement, insulation and concrete deck. The main objective of the presented study is 
the detailed structural modeling under the influence of climatic and mechanical loading. Numerical solution was obtained using
Finite Element Analysis (FEA) and the calculations were performed applying Abaqus system. The ability to determine of the 
stress and deformation states of the bridge structure pavement opens a new way to better understand the phenomenon and to 
carry out the optimization of detailed technological solutions.
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1. Introduction
Waterproofing systems on bridge decks play an important role in protecting both the concrete and embedded 
reinforcement from the water penetration, de-icing salt which penetrate deep in top slabs causing the corrosion of 
reinforcing steel, consequently damaging the construction. Basically, two ways of moisture protection can be singled 
out: thermo-bonding bitumen felts and liquid coating materials (spraying). Thermo-sealable membrane systems 
dominate in Poland. In such systems, bituminous waterproofing membranes are applied on the concrete deck and 
covered by asphalt surfacing. The adhesion of the bituminous pavement to the bridge deck is a decisive factor in the 
effectiveness of that solution. Good workmanship of the isolation layer is linked with the full adhesion of insulation 
to the concrete substrate and lack of any failures breaking the isolation continuity, both after placing the pacement 
and during its operation in changeable loading conditions. The failures are formed by mechanical damage which 
often appears while laying the isolation, and during paving. They may also be induced by vehicle traffic along the 
placed surface of membrane, hard or sharp objects like e. g. steel rods, stones etc. However, properties of applied 
materials (isolation as well as substrate), and the quality of workmanship, develop the most significant effect. An 
improper isolation or improperly placed isolation can cause the loss of material adhesion to the substrate, 
development of bubbles, cracking. 
Asphalt layers used to provide smooth, compliant, surfaces on pavements often experience the growth of small 
uplift blisters. That occurrence has been more and more widely appearing in bituminous pavements, bringing about 
the development of local fields of lowered layer adhesion which contain pockets filled with gas or water. Such de-
laminations are results of de-bonding sheets of bitumen felt (the isolation) from the subgrade because of the high 
pressure of gas mixtures accumulated between the subgrade and isolation. The composition of those mixtures  may 
be differentiated  depending on the blistering mechanism.  Bubbles containing high quantities of hydrogen have been 
repeatedly observed. That indicates the complexity of phenomena causing de-bonding of layers of road pavements. 
The value of shear stresses formed in bubble  areas  is high enough to deform also road pavement layers placed on 
the isolation.
The phenomenon of pavement blistering has not been universally observed till the beginning of 1990s. Only 
bubbles and cracking due to errors of operation, have occurred. Many researchers have been linking the growing 
number of cases of de-bonding isolation of the subgrade with ever-increasing share of admixtures and additives 
enhancing concrete characteristics. Cracks, contraction joints, air voids, as well as irregularities of concrete surface, 
are also favourable factors. 
Valuable experiences at researches into the causes of blistering of bridge objects and methods for avoiding them, 
have been substantiated with publications in various locations Laukkanenet et al.(2000), Korhonenet et al. (1999), 
and “Design Manual for Road and Bridges”. At least four causative mechanisms can be quoted:
x thermal mechanism – an increase of temperature as a consequence of insolation resulting in an increase of air 
pressure and water vapour closed under the coat, its subsequent stretching, and blistering.
x the diffusion mechanism – related to the application of primer agents and penetration of organic solvent vapours. 
x the osmotic mechanism – water infiltration through the semi-permeable membrane caused by differences in 
concentration of solutions. Substances initiating the osmosis process can be salts and other water-soluble 
substances accumulated under the coating on the concrete surface,  Warlowet al. (1978) and Letch (1987)
x the chemical mechanism – reactions between concrete components leading to the internal corrosion of concrete 
and releasing hydrogen, Chmielewska (2007) and Fidjestelet al. (1997).
1.1. Objective of the study
This paper discusses the research carried out in order to better understand the process of distress between 
pavement, insulation and concrete deck. The possibility of determining stresses and deformations of the bridge 
pavement opens the way to further researches on the optimal shaping that bonding. The full description of the issue 
of flexible layer pavement requires taking into account various aspects of mechanical and thermal interactions. The 
often applied simplified approach is based on using the model of elastic medium, followed by taking into 
consideration the impact of thermal conditions in a simplified way. However, the description of the thermo-elastic or 
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viscous-elastic medium is the closest to reality.  Consequently, it requires the selection of constitutive relations and 
parameters of the model material which make bituminous layers (mastic asphalt and SMA). That is the issue which 
the present paper dedicated a lot of attention. 
The main objective of this paper was the structure of a numerical model useful to describe the phenomenon of 
delamination and deformation of separate pavement layers. It was assumed that the realization of the task would 
allow to broaden the knowledge about necessary conditions for the development of bubbles in an arrangement of 
bituminous pavement, isolation layer, and concrete. The impact of selected characteristics of the isolation of 
bituminous pavements on the susceptibility of system to the development of bubbles, is another interesting field of 
researches. Still, the numerical simulation gives first of all a possibility of testing which deformations and stresses 
accompany the phenomenon of the bubble increase, and an opportunity to determine the thermal and pressure 
impact on the delamination process.
2. Numerical model
The commercial software Abaqus was used for building the model and carrying out calculations. The section of 
a bridge deck around provisionally initialized de-binding (the damage of isolation) with a diameter of 15 cm 
representing an initial air bubble, was modelled. The uniformly applied pressure on the surface of provisionally 
initialized de-binding growing linearly along with the time of task, was adopted as a load. The calculations were 
aimed at determining the value of that pressure in characteristic points, i.e. at the moment when the bubble size
reaches the order of 4 cm.
2.1. Model geometry and FEM mesh
The axially-symmetrical model FEM of the pavement section with a reinforced plate of the bridge deck, was 
created. The four-junction linear elements CAX4R were used for that purpose. The binding between pavement 
layers and isolation were described by means of the contact model with cohesion properties, while the isolation 
material itself consisted of the same elements like the rest of the model. 
Fig. 1. Model geometry with boundary conditions.
The FEM mesh was created paying attention to places where the highest concentration of deformations would 
occur. Due to significant differences between sizes of elements, individual pavement layers were bound observing 
the rule of combining joints to the surface ("tieconstraint"). This way the rule of mesh continuity on edges could be 
passed over. The model was made up of 16,000 CAX4R elements and 16,969 nodes.
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Fig. 2. Part of the FEM mesh with cohesive contact zone.
2.2. Interface modelling
Elastic properties of contacts taking on the cohesion character was described  through relations between the stress 
vector and displacement (traction - separation) via a general formula:
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where t is the stress vector of the interface, K is the tensor of the second order describing the interface stiffness, 
while the vector G is the displacement route between two surfaces taken into account in the contact. The courses n, 
s, and t denote respectively: the normal direction to the contact surface, and two perpendicular tangent directions 
making the local orthogonal coordinate system.
The uncoupled traction-separation relation, defining only the components nn ss ttK,K , K of the tensor K , was 
applied in the instance of that model.
The damage modelling in the interface consists in taking into consideration two factors: the condition of damage 
initiation and the behaviour after arising that condition interpreting the evolution of damage with the degradation of 
material stiffness. The simplest linear model of damage evolution in which the damage initialization (Fig. 3, point 
A) is followed by the linear drop in material stiffness to reaching zero of its value (Fig. 3, point B), was exercised in 
that research.
The square stress condition of the initiation of damage was adopted in the following form:
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In the above formula 0it means boundary values of stresses reached in simple tension and shear tests in suitable 
directions. The degradation of the interface elastic properties describes the following equation of evolution:
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where t ,  t , tn s t make components of the stress vector in the interface calculated in such a way that the damage has
not happened (according to the relation (1)), while D is the parameter of damage evolution is determined by the 
linear relation as per:
 
 
0
0
f max
m m m
max f
m m m
D
G G G
G G G

 

(4)
In the above mentioned formula the average interface displacement is defined as:
2 2 2
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Fig.3 illustrates the interpretation of parameters 0mį as well as
f
mį , when
max
mį denotes the maximal (positive) 
displacement obtained in the course of the whole history of loading, and max 0 fm m mį į įª º ¬ ¼ which means that the 
parameter D is modified only in case of loading and only when 0mįmG ! .
Fig. 3. Typical traction-separation response with linear stiffness degradation after damage initialization.
Additionally, the options of damage stabilization were considered in the research through lending them viscous 
properties. It was aimed at an improvement of similarity of results obtained through the implicit method. In that 
case, it was necessary in a view of the excavation of the significant part of isolation and the high non-linearity of the 
problem. The stabilization consists in the change of the damage evolution equation of the interface (3) to the 
following formula:
 1 vD t t (6)
where:
 1v vD D DP 
 (7)
In the presented model 0.00001P  was adopted.  Practically, the stabilization  is influential when the decrease 
in time steps to the quantity grade of the factor is needed for the objective convergence.
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2.3. Constitutive properties of asphalt-aggregate mixtures
An accurate description of behavior of bituminous mixes is necessary to adequately predict and evaluate the time 
dependent characteristics and the evolution of pavement distress. The most important part of study is the recognition 
and application of viscoelastic behavior of hot-mixes-asphalt (HMA) materials in mechanical analysis. The 
inclusion of a viscoelastic constitutive model into a Finite Element (FE) programs to simulate pavement response for 
pavement structures is getting more dominant, which will overcome inherent shortcomings of the elastic layered 
theory that was extensively used in the elastic design stage.
Constitutive properties of asphalt-aggregate mixtures are modelled very often applying viscoelastic models 
represented by rheological schemes. The parameters of these schemes are identified using cyclic test at various 
temperatures. The procedure leads to the dynamic modulus master-curve and the sigmoidal model is applied in order 
to represent the master-curve usually. The method of characterization of the complex moduli for bituminous 
mixtures using classical and fractional rheological models is presented in paper by Zbiciak et. al. 2014. In order to 
find the parameters of rheological schemes, the optimization problem is formulated. Similar approach is used in this 
study.
In order to execute the identification process of rheological models of bituminous mixes, results of one-
dimensional stress-controlled cyclic tension/compression experiments with various frequencies are used. The 
excitation and the response, assuming linear properties, are as follows:
         ^ `1,...,sin ; , sin ;o o NEt t t t fV V Z H Z H Z Z Z Z Z    (8)
respectively, where NE denotes number of experiments at constant temperature. Based on such experiments one can 
evaluate the dynamic modulus
   
o
dyn
o
E
VZ
H Z
 (9)
The behavior of linear viscoelastic systems, excited by harmonic functions, can be analyzed using complex 
variables. Let us assume the following transformation of variables 
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where the complex variables are given as follows
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Thus, it is possible to define the complex modulus containing both dynamic modulus and phase angle
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The complex modulus can be decomposed as follows
         * cos sindyn dynE i E i E i EZ Z I Z I Z Zc cc    (13)
where Ec denotes the storage modulus representing elastic properties of the material while Ecc is the loss modulus 
used to represent viscous properties. The graphical representation of the complex modulus in the plane  ,E Ec cc
constitutes a form of experimental results visualization (the so-called Cole-Cole graph). In order to analyze the 
temperature effect, the experimental tests with various frequencies should be repeated over desired range of 
temperatures.
One of the simplest models capable of representing a bituminous material in terms of stiffness and phase angle 
within limited frequency ranges is Burgers model. However if a wider range is to be covered, more advanced 
models are required. In this respect, the generalized Maxwell model and Huet-Sayegh model have proven to be the 
currently most suitable models available to characterize mechanical behavior of viscoelastic materials. Generalized 
Maxwell model is implemented in many commercial Finite Element Systems, e.g. Abaqus, Ansys. In this research, 
the generalized Maxwell model was selected to represent the behavior of HMA materials which are mechanically 
approximated by a Prony series. 
Fig. 4. Schematic of generalized Maxwell model consisting of n Maxwell elements connected in parallel.
In one dimensional case the total stress is given by
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Which is essentially the Prony series representation. Here Ef is the final (or equilibrium) modulus, and
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is the instantaneous modulus. A pair of
i
E and
M
W is referred to as a Prony pair.
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3. Results of blister formation simulation
The direct solver with the itinerary Quasi-Newton method for solving non-linear systems was exercised to tackle 
calculations of linear equation systems. Some complications with the convergence arose from the high non-linearity 
of the problem in case of propagation of loosening. The problem was cleared up in different variants:
x without the damage stabilization,
x with the damage stabilization,
With preliminary thermal stresses (the uniform preheating of the bituminous layer). In case of  the problem 
without the engaged damage stabilization, due to the low linearity of the solution, only the initiating moment of 
damage could be observed in the interface. Then, displacements of the bituminous layer, i. a. with regard to 
geometrical limitations, did not reach a noticeable level – the maximal displacement of the asphalt layer amounted 
to circa 3 mm. That is why results of the model with a considered option of damage stabilization, likewise in case of 
a considered temperature impact, were applied for further analyses.
3.1. Examples of numerical results
Fig. 5 depicts the dependence of the maximal displacement of bituminous layer (the bubble haughtiness) on the 
value of pressure prevailing inside the bubble. Point A marks the moment when the most soaring place of the 
interface with the condition of initiating destruction is met (2), point B means the beginning of current propagation 
of the bubble, while point C denotes the moment where the bubble haughtiness reaches the 4 cm order. 
Fig. 5. Pressure - maximal displacement relation in air bubble.
The following pictures show exemplary stress charts in the extreme points A and C:
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Fig. 6. Equivalent stress in model at the beginning of blister propagation (A).
Fig. 7. Equivalent stress in model during extreme blister propagation (C).
Fig. 8. 
22
V stress during extreme blister propagation (C).
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4. Conclusions
The cohesion model may serve as an approximate instrument for determining values of pressure prevailing inside 
the air bubble at the beginning and in the course of propagation. The application of damage stabilization in the 
interface is necessary in order to define the behavior of the model in the course of intense propagation. It can bring 
about a distortion of results, therefore they should be observed with due caution. The model presented herein will be 
used for evaluation of maximum shear stresses caused by moving vehicle acting on a bridge structure.  Moreover, 
the submodelling techniques should be also applied. In such a way it will be possible to separate the local model 
from the entire bridge structure to make the analysis more comprehensive. For this particular study, which was only 
the first overview, the linear material model has been used. Another possibility to enhance the presented model 
would be taking into account nonlinear properties of asphaltic materials. This work is currently under progress.
Acknowledgements
This work was supported by the National Centre for Research and Development (Poland), grant No. 
INNOTECH-K3/IN3/50/229332/NCBR/14.
References
AbaqusTheory Manual, Version 6.11, Dassault Systèmes 2011, Abaqus
Chmielewska B.,2007, Destruction of waterproofing membrane on the viaduct deck due to blisters containing hydrogen, Archives of Civil 
Engineering, vol. 4
Design Manual for Road and Bridges. Waterproofing and surfacing of concrete bridge decks. BA47/99, Northern Ireland
Fidjestel P., Jorgensen O., 1997, Hydrogen evaluation in concrete due to the free silicon metal in microsilica, Cement, Concrete and Aggregates, 
vol. 2(19)/1997
KorhonenJ.C.,BuskaJ.S., CortezE.R.,GreatorexA.R., 1999, Procedures for evaluation of sheet membrane waterproofing, Special Raport 99-11, 
US Army Corps of Engineers
Laukkanen K., Paroll H., Pitkanen P., Vesikari E., 2000. Preventing the blistering of bridge deck waterproofing, Nordic Road and Transport 
Research, No 3
Letch R., 1987, Blistering of polymer overlays on concrete, Proceedings of the International Symposium on Industrial Floors, Esslingen
Michalczyk R., 2011, Implementation of generalized viscoelastic material model in ABAQUS code. Logistyka.
Warlow W.I., Pye P.W., 1978, Osmosis as a cause of blistering of in situ resin flooring on wet concrete,Magazine of Concrete Research, 104
Zbiciak, A., Michalczyk, R., 2014, Characterization of the Complex Moduli for Asphalt-aggregate Mixtures at Various Temperatures. Procedia 
Engineering, 91, pp. 118-123.
